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Why Exotic Hadrons ?
Meson Baryon

e Wwe see two types of conventional @ @
structures in hadrons: meson & baryon

e other combinations are not explicitely Pentaquark H-dibaryon Tetraquark

forbidden by QCD ! =

QO?
- new forms of matter such as s QL
mesonic molecules, tetraquarks,

. magenta-cyan-yellow magenta-cyan-yellow magenta-green
quark—gluon hybI’IdS and others color-singlet 5-q state color-singlet 6-q state color-singlet 4-g state
. QCD_ motivated m_odels for_hadrc_)ns Molecule Hybrid Glueball
predict these exotic states in their
calculations

« |ack of experimental evidence for a
long time, but many discoveries recently

> unusual hadron structures might be a
key to reveal a new aspect of QCD



Charmonium(-like) States

 light flavours (u, d, s) may mix,

still interesting 1.e. for glueball searches 4

* relation between observed states
and constituent quarks is desired
to be rather straightforward

> advantage of heavy flavours (c, b):
higher masses serve as cut-off and
allow usage of non-relativistic QCD
to precisely calculate spectrum

Mass/GeV

I
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; CC i
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| J/¥ J: angular momentum
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Charmonium(-like) States ' cc .
 light flavours (u, d, s) may mix, . w(4160) i
still interesting 1.e. for glueball searches 4 |  w(040) _
e relation between observed states = 22 A 001 =) BR——— AN 07 2 B
and constituent quarks is desired e o v e A
to be rather straightforward @) - .
w L 7S v |
> advantage of heavy flavours (c, b): g Nc(25) T )
higher masses serve as cut-offand = " =300 keV hc(1P) 4 (1P) Xe2 i
allow usage of non-relativistic QCD - i
to precisely calculate spectrum - T
=93 kevl ]
e trends in the spectrum: 3 I T/W ]
- narrow states below open charm _Nc(1S) _
(DD) threshold, electromagnetic i 1
decays compete with hadronic | | | | | |
decays (suppressed by OZI rule!) 0-+ 1— 1+ 0++ 1++ 2+



Charmonium(-like) States

 light flavours (u, d, s) may mix,
still interesting i.e. for glueball searches

* relation between observed states
and constituent quarks is desired
to be rather straightforward

> advantage of heavy flavours (c, b):
higher masses serve as cut-off and
allow usage of non-relativistic QCD
to precisely calculate spectrum

Mass/GeV

trends in the spectrum:

- narrow states below open charm
(DD) threshold

- Dbroad states above threshold due to
strong decay to charmed meson pair

4

I
W(4415)

_ CC i
- =70 MeV =
033.< D' cd
i — D cd |
i W(4160) w(3770) i
— e W(4040) 1=27 MeV ]
L oo qf(3770)'/ Xeol2H) e
“Nc(2S) ¥ i
i hc(1P) L (1P) Xea(1P) -
i Xco(1P) |
B K ]
- Nc(1S) _
I I I I I I
0—+ 1— 1+— 0++ 1++ 2++



Charmonium(-like) Production in B Factories

e various processes to produce a b
charmonium(-like) particles e N

« allowed/ favoured quantum numbers
depend on production process

(a) B meson decays
(b) initial state radiation
(c) two-photon collisions

(d) double charmonium production
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Charmonium(-like) Production in B Factories

e various processes to produce a
charmonium(-like) particles

« allowed/ favoured quantum numbers
depend on production process

(a) B meson decays
(b) initial state radiation
(c) two-photon collisions

(d) double charmonium production

> |deal clean environment for
charmonium spectroscopy

14



The Discovery of X(3872)

Belle, 2003:
very narrow peak found above the
DD threshold in B'— (J/Y1T'm)K" !

does not match properties of known
conventional charmonium states

are there other decay modes ?

how is X(3872) related to D’'D*
as it is very close to this threshold ?

Events/O.OlJJ 0 GeV
o
o

—
o
o

0

- W(2S)

[ ] |

- '/ X(3872)"

[ il

0.40 080 . 1.20
M@ TT) - M(I'T) (GeV)

W
3]

E [<1.2 MeV

Events / ( 0.005 GeV )
N (]
1) o
LI I LI I LI

|

15}

10}

1 1 1 I 1 L 1 I 1 1 1 I 1 1 1
3.82 3.84 3.86 3.88 3.9 3.92
M(J/ y 7irt) (GeV)
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X(3872) Properties

. 120
¢ quantum numbers J* = 1" determined from = ]
angular distribution of J/YTU'TT Q100 &
E -
. . —_ = -
> might be a conventional ct state, = T
= a
maybe the as yet unseen xcl(ZP) S e :
B n
E 40; —=— Data _:
Z ol — Simulated J°°=1"" &
- Simulated J°=2 ]
50 t+—+—+—+——————————— =

—
40: ) _E
:::n—l + i

—T— st : :
10 s dl : ‘ =

G-....I....I....l....
cosB,

(6, being X(3872)'s helicity angle)




X(3872) Properties

e quantum numbers J* = 1" determined from
angular distributions of J/Ytt'Tt and J/Y(TT'TrTT’)

B(X(3872) — J
 isospin violation found in equally often decays to g B((X((3872)) - J%L;)) =10x£04%+0.3

two pions via p (I=1) and three pions via w (1=0)

> mass difference of 50 MeV to x_(2P) and

Isospin violation disfavour assignment as
conventional cC !

* no partner found: charged or differing mass, - charged partner search m\
suggests strong isospin 0 compontent, C-odd JIPTrT
> isospin violation and lack of partner states - C-odd partner search in
disfavour tetraquark hypothesis according Jipn and Xy

to model predictions !

- different mass search in
charged vs. neutral B decays

B(B* — X(3872)K™)

\B (BY = X(3872)K°) o.y7




X(3872) Properties

e quantum numbers J* = 1" determined from
angular distributions of J/Ytt'Tt and J/Y(T'TrTT’)

* isospin violation found in equally often decays to
two pions via p (I=1) and three pions via w (1=0)

« no partner found: C-odd, charged or differing
mass suggests strong isospin 0 component

e "”"X@Q

* mass (3871.69 + 0.17) MeV is very close to o 1F ) E
the D’'D* threshold at (3871.80 + 0.09) MeV ! E 14 ALLD D modes E
— . 121~ £ =
- decays to D'D* have been observed with SN B* BS"O ;
S Br(X(3872) -~ D'D*) = 10x Br(X(3872) - J/ymr'm) \ 2 ; Py
S of
% i > might be a D'D* (di-mesonic) molecule 0 e LT T
2 | Nt E
0388~ é.i,i """ 3502 394 396 398 4

-

D 0D0 Invariant Mass ( GW




X 72 P . 400
(3872) Properties 2121%)

* quantum numbers J* = 1" determined through -
angular distribution of J/g1'TT and J/Y(T'TTTT)

IIIIIIIIII
-+

200}

Candidates/ (10 MeV/c?)

* isospin violation found in equally often decays to

100}
two pions via p (I=1) and three pions via w (1=0) -

« no partner found: C-odd, charged or differing
mass suggests most likely isospin 0

* mass (3871.69 £ 0.17) MeV is very close to
the D'D*' threshold at (3871.80 + 0.09) MeV !

Candidates/ (10 MeV/c?)

» decays to D'D* have been seen with
Br(X(3872) -~ D'D*) = 10x Br(X(3872) - J/YT1t'TT)

* radiative decays: measured opposite of prediction
Br(X(3872) - Y(2S)y) = 2.5x Br(X(3872) - J/Yy)

e also: pure molecule would be too fragile to be
gy, produced at Tevatron (CDF) or LHC (LHCDb)

& > disfavours pure molecule hypothesis !




Interpretation for X(3872) DO [*0bar

\ DD eDFD™

« most plausible interpretation of X(3872):
admixture !

> DD molecule is mixing with an ordinary
charmonium state with same J™,

cchar charmonium

..e. the as yet unseen x_(2P) BaBar 2009
A g

Belle 2011
-

v quantum numbers o
LHCDb Preliminary

v molecular part can explain isospin violation - _
oo PrEMICtions Tor pure cc state

v conventional cc core can explain the
production in high energy machines

like Tevatron or LHC predictions for admixture of cc and DD*
YL S LSS S A LSS S S S S S SSS S ASSSSS

il prediction for pure DD* model

1 1 1 1 I 11 1 1 l 1 1 1 1 l 1 11 1 I 1 1 1 1 I 1 1 11 I 1 1 1 1
0 1 2 3 4 5 6 7

Ryy: ratio of branching fractions of Ry
X(3872) decay into Y(2S)y and J/py 20




Interpretation for X(3872)

most plausible interpretation of X(3872):
admixture !

DD molecule is mixing with an ordinary
charmonium state with same J™,

..e. the as yet unseen x_(2P)

If X,(2P) is not mixing to form X(3872),
it is still expected to decay to xcl(lP)n*n'

- X,(2P) mass prediction at 3920 MeV

- X,(2P) —x m'm dipion transition

expected due to no quantum number
conflict, as seen in Y(2S) - J/P TUTT

Mass/GeV

I
w(4415)

i CC i
| WU(4160) i
— W(4040) Xcl(ZP)
oo eeeeeeeeeeeeeeeee e ol 2P) X2(2P) 1 mopy*o
i §(3770) Xeol 2F) #aiel DD
i o n* T 1D'D
"Nc(25) T
B hc(].P) 01(1P) XCZ(]-P) -
i Xco(1P) )
i IR |
| Nc(1S) _
I I I I I I I |

O—+ 1— 1+— 0++ 1++ 2++
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Interpretation for X(3872)

« most plausible interpretation of X(3872):
admixture !

- DD molecule is mixing with an ordinary ~

charmonium state with same J%, \‘

i.e. the as yet unseen x_(2P) in both cases: X_ Tt'TU is a suitable and interesting
source to look for either X(3872) or x_(2P) !

« If X (2P) Is not mixing to form X(3872),
it is still expected to decay to xcl(lP)n*n'

- X,(2P) mass prediction at 3920 MeV

- X,(2P) —x m'm dipion transition

expected due to no quantum number
conflict, as seen in Y(2S) - J/P TUTT
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The Belle Experiment

Interaction
Point

HER : High Energy Ring
LER : Low Energy Ring

‘@ Positron Target
Electron
Source

KEKB: 8 GeV e beam x 3.5 GeV e" beam Belle Detector: high resolution 41 spectrometer

mainly @ Y(4S) resonance (Vs = 10.58 GeV) with particle identification capability .



Belle Detector Performance

41t general purpose spectrometer with

high momentum resolution
op/p = 0.3%@1GeV/c

ability to detect photons down
to 30 MeV

good photon energy resolution
o, =5 MeV for '~ yy

lepton identification capability
€>0.9, fake <0.01

K/ 1t/ p separation capability
€~0.9, fake < 0.1

excellent B decay vertex reconstruction
o(Az) = 80pm!

Csl KLM TOF
CDC ) \. | / /
150° gl == /Acc
SVD - - - | % 17°
8.0 GeV e 25 GeV
e+

............................................................................................................................
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Belle Experiment Achievements

* originally designed and operated to test Integrated luminosity of B factories
SM mechansim for CP violation and

measure time-dependent CP violation S0

>1ab™*

On resonance :

in the B system [ Y(58): 121 b
1000 | Y(4S): 711_]&;1)‘1
* run 1999 —2010: h e e
772M B meson pairs recorded 800 Y(1S): 6 b
Off reson./scan:
: ) : § ~100 !
« allits features led to many discoveries, 800 [
also beyond CP violation | e
| 7 [ o [ IEECREIEHRRYSS  SRSNSRSISRS VSRS, S A0 PSR AU RN On resonance :
Y(4S): 433 b
— | Y(3S): 30 b~
Y(2S): 14 b~
../_l Off resonance:
N SU I D B ~54

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1
world's highest luminosity in e'e” at Y(4S) region !

25




Event Selection and Decay Reconstruction: B* - x 1 K*

» analysis procedure: reconstruct B*

e+
—>

K+ &

e

09 o0
, J/Lp~<:
‘ & "‘
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Event Selection and Decay Reconstruction: B* - x 1 K*

e+
—>

analysis procedure: reconstruct B*

T{+
-
: xcl

K+
X?
4_
e-

{L{‘/Q
e

dE/dx in CDC,

E/p ratio (E in ECL and p in CDC, SVD)
shower shape in ECL

number of Cherenkov photons in ACC

track penetration depth and

hit scatter pattern in KLM
reconstructed hits in KLM compared to
extrapolation of CDC tracks

« selection cuts for intermediate particles:

Impact parameters: distance to
interaction point for charged tracks
|dr| < 1.5 cm, |dz| < 5.0 cm

electron likelihood > 0.01

muon likelihood > 0.1

27



Events

Event Selection and Decay Reconstruction: B* - x 1 K*

analysis procedure: reconstruct B*

‘L Z;ﬂ{w {

4000 —

2000 —

6000
4000

2000

« selection cuts for intermediate particles:

Impact parameters: distance to
interaction point for charged tracks
|dr| < 1.5 cm, |dz| < 5.0 cm

electron likelihood > 0.01
muon likelihood > 0.1

J/P window (nom. mass 3097 MeV):
2950/ 3030 MeV < M(ee/uu) < 3130 MeV

28
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Event Selection and Decay Reconstruction: B* - x 1 K*

» analysis procedure: reconstruct B*

‘L Z;ﬂ{w {

—»

Events

4000 [
3000
2000 [

1000 [~

ik
3.46

3.54

« selection cuts for intermediate particles:

Impact parameters: distance to
interaction point for charged tracks
|dr| < 1.5 cm, |dz| < 5.0 cm

electron likelihood > 0.01
muon likelihood > 0.1

J/P window (nom. mass 3097 MeV):
2950/ 3030 MeV < M(ee/uu) < 3130 MeV

X, Window (nom. mass 3511 MeV):
3467 MeV < M(J/Y y) < 3535 MeV

perform mass-constrained fits for
J/ and x  candidates
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Event Selection and Decay Reconstruction: B* - x 1 K*

—»

analysis procedure: reconstruct B*

‘L Z;ﬂ{w {
.

kinematic variables in Y(4s) rest frame:

beam-constrained mass MbC and

difference to beam energy AE

Mbc —
AFE =

\/El%eam o (chl’mT _'_ pK)2

(EXclﬂ'"'T + EK)

- Ebeam

« selection cuts for intermediate particles:

Impact parameters: distance to
interaction point for charged tracks
|dr| < 1.5 cm, |dz| < 5.0 cm

electron likelihood > 0.01
muon likelihood > 0.1

J/W window (nom. mass 3097 MeV):
2950/ 3030 MeV < M(ee/uu) < 3130 MeV

X, WINdOW (nom. mass 3511 MeV):
3467 MeV < M(J/Y y) < 3535 MeV

perform mass-constrained fits for
J/ and x  candidates
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Pion Selection

small Q-value in X(3872) - x 1T :
3872 — (3511+140+140) = 80 MeV

pions have very low transverse
momenta p.

results in curl up in CDC and
possible duplicated reconstruction

opening angle Gopen between pion tracks:

- ~0° for same charge
- ~180° for opposite charge

compare pions in pairs, select the one
with smallest distance to interaction point

2‘dz
_|_

H0mm

2

‘d'r

15mm

true track

duplicate track

(same charge) \

10000

Events

5000

, ©

Interaction Point

duplicate track

(opposite charge)

opposite charge

same charge

p, < 0.25 GeV
Ip(m,) - p(,) | < 0.1 GeV

- | L — I — | I L J

-0.5 0 0.5
€08 (Bgpen)
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B Candidate Reconstruction

10000

Events

5000

3000

2000

Events

1000

. signal MC

L™

-0.05 0 0.05 0.1

& signal MC

'~
| 1 1 1 J..h—‘

527

M, (GeV/c?)

L J 1 1 1 1 1 I~
5.275 5.28 5.285 5.29
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B Candidate Reconstruction

10000

Events

5000

3000

2000

Events

1000

i ideally
- peaks at O
B o.. F ..QI--. )
-0.1 -0.05 0 0.05 0.1
A E (GeV)
- #% nom. B mass
i ¥+ at5.279 GeV
'_ N
N ¢
¢
B *
- L]
- L]
- &
L ‘.'t "...
i L n 1 l. | 1 1 1 E | 1 1 ..]...h—‘ i
.27 3275 5.28 3283 5.29

M, (GeV/c?)

AFE

\/ beam chl’fT’fT +pK)

Xclﬂ'ﬂ' + EK)

- Ebeam
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B Candidate Reconstruction

10000

Events

5000

3000

2000

Events

1000

i ideally

— peaks at O

- et et Sty et i iR ’ F |...h-‘| e B Mttt st s . e

-0.1 -0.05 0 0.05 0.1

A E (GeV)

- #% nom. B mass

I W +, at5.279 GeV

B ;o

B ¢
¢

B *

- L 4

- L]

- #

L ...o "...

i heand EN.I. I | 1 1 r | 1 L J..l.M

5217 5.275 5.28 5.285 5.29

M, (GeV/c?)

- EEE
0.02
L - —{100
0.01
> L
19] -
C o
0.01
-0.02F
5.27 5.27 5.28 5.285 5.29
M,, (GeV/c?)

> signal window cut:

- |AE| <0.02 GeV
- M_>527GeV
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AE Distribution — Background Estimation

B - J/P X MC sample for bkg study

- 100x amount of data

signal is included in the MC sample

only peaking background coming
from B® - x_ 1K

- shifted to negative AE region due to

Events

xcz's slightly higher mass, remember:

AFE =

all other backgrounds are smooth

(EXcl’fTﬂ' + EK) — Ebeam

Mbc > 5.27 GeV

T % 1*n:**ﬂ:'l('
eyt rK'

- B - JyXMC == x K’
40000 — 17 Lo

N A Koy

- VX,

B y'K*(892)°
30000 =1 w'K*(892)"

- [ ] Others
20000 = —

10000
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AE Distribution — Background Estimation

B 777 % KT
- Mbc > 5.27 GeV = K
- B - JyXMC E x wTK
« B - J/Y X MC sample for bkg study 40000 — T 692)
- VX,
- 100x amount of data - y'K*(892)°
30000 — =1 w'K*(892)°
g B [ Others
. .. . L
* signal is included in the MC sample 7 Gtz —
* only peaking background coming SEaaAEEa L e
from B* - x _m'mTK* S =X
Xeo 10000 |
- shifted to negative AE region due to B &gm_ Vi Bt
X., s slightly higher mass, remember: ob= "t = 0|1 .
AE — (Exclﬂﬂ- + EK) — Ebeam 510000:—
« all other backgrounds are smooth 50001
U_ bt ‘-34'm-- -:é-ig"‘l.".l-...gg ..,.-':' ,-':-1:5.:.';'"1:.u36u ek forked -
. : M.sz) : ;
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AE Distribution — PDF and MC Expectation

 unbinned maximum likelihood (UML) fit 500

. - Mbc >5.27 GeV m
to B ~ J/p X MC sample to find C B~ JIW X MC
probability density function (PDF) 400/
- signal: :
sum of two Gaussians £ 300
L — :
_ B! - x. 1K QL
fcztwo Gaussians o
sum o " &
ﬁ%ﬁf#@* ot S
- flat bkg: 100—
1st order Chebyshev polynomial -
Wil T MG T

0
AFE (GeV)
. expected peak yield for the as yet unseen decay B* — X, 't K 1700 events

- assuming B(B — xanm n K)= B(B — J/{7 7~ K) -decay dynamics

37



AE Distribution — Looking at Data

~

first observation of the decay of

N

B* -~ x K" with a signal peak yield
of 1597 + 76 events

Events/0.0024 MeV

|||1|IH]|I|]|I[¥!‘
3 ——
1
1:\.

e comparing resolutions:
o(data) / a(MC) = (1.18 £ 0.07)%

> consistent within 10%

450

400

350

300

250

200

150

100

50

o

> xe2 ' K*
\

it N 2 P e O | il it

b

= Mbc > 5.27 GeV
3 772M BB pairs
i RS o L :...- ; "'i'" : ._'-J'--F * ! ‘i ‘. e | /

i
©
—

0.0 0
AFE (GeV)
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Reconstruction Efficiency Considerations

14

Efficiency in %

« efficiency is changing as a function
of the invariant mass of x_ ' 0

12

> using a reconstruction efficiency
weighted with the obtained signal yield °
per x_,TUTT mass bin 4

_ 221 &(4) = Nops(2)

signal MC
100 MeV bins

oo
TTTTTT T TTT T TTT T TTT]TTT T TTT ] TTT
| | | | | | |
- ——

(=]

o
to

4 4.2 4.4 4.6 4.8
M{xﬂm‘r) bin

21121 Nobs (/L)

400

A E sig yield

350

« efficiency correction estimated from 100 MeV bins

772M BB pairs %
lepton and particle identification: 0.9622 300 '}

. . 250

> resultant reconstruction efficiency 12.90% »
150

100

50

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
- —a—

(]
(%]
B~
&~
3+
~
S
.
(=7]
.
(%]




Branching Ratio of B® - x 'K

N sig

B(BT — xyar m  K") =

Eget X B(xe1 — J/Uy) x B(J/1 — (+0~) x Ngp

. Nsig — 1597 £ 76 0 BI’()(Cl - J/IPy) — (34.8 £ 1.5)%

o NBB — 772 x10°  Br(J/Y —e'e)—(5.94 + 0.06)%

.« £ —12.90% e Br(J/¢ - p'u)—(5.93+0.06)%
det

e systematic uncertainty — 5.10%

B(BT — yar n KT) = (3.8940.19 (stat) £ 0.20 (syst) ) x 10~
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The x_, T'TT Invariant Mass Distribution

« select B signal region to look

into M(x,, T'mT) 450E- } Mbc > 5.27 GeV
= 772M BB pairs
- |AE[| <0.02 GeV = e P
- M _>527 GeV = =
C N 300
S _E
.Q'; 25I3£—+
e search for Z
§ 200:%—3%}
— a harrow resonance X(3872) 150 Py
at 3872 MeV or 100/
- an as yet unseen charmonium 0E ‘ y
X,(2P ) at 3920 MeV R e s
AFE (GeV)
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M(X_, 1t'Tr) Distribution — Expected Background

* no peaking structure except for [ VX, Mbe > 527 GeV |
a P(2S) reflectlon at 4.1 GeV - %ﬂggg; AE| < 0.02 GeV S
8000 HEAx% ™K ' =
* Y(2S) —; J/LIJ T i %Wﬂ B-INWXMC g
' .= | (mm K(asz) _ /:f_f:.,fi.-f;i,/_iii’ 7
_~-..o,-.-x1_.,., J 00000000 7
Ty 5 6000 11 Gere
> results in a fake X! > B ..
oq " = 4000 N Hﬁ%ﬁ lllll
> but: region above 4.0 GeV is - B L
not of interest for this analysis 2000 — e
N i Y |—" — ;S ———— S — — | — W—— i — —o— —
% 8 4 4.2 4.4 4.6

M, xr (GeV/c?)



Events

M(x_, Tt'TT) Distribution — Looking at Data

. Mbc >5.27 GeV
100~ |AE| <0.02 GeV
- 772M BB pairs

50—

101 | 1 | 1 | 1 | 1 | 1 | 1 1 1 1 1 1
%.8 4 4.2 4.4 4.6 4.8
M, .. (GeV/c?)
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Events

M(x_, Tt'TT) Distribution — Looking at Data

100

- Mbc > 5.27 GeV
. |AE| < 0.02 GeV
- 772M BB pairs

42 14
(GeV/c?)

4.6 4.8

Events

(%]

AR

|

'OOFFII[IIII|II1III11II

3.85

3.9
M, .. (GeV/c?)

]
3.95
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X(3872) —» x_, TUTU

- assuming B(X(3872) -~ x m'm)to

. . 4+~ Mbc >5.27 GeV
be similar to B(X(3872) — J/y1Tr'MT) IAE| < 0.02 GeV.
> roughly 15 events expected and seeing - (72M BB pairs _
X(3872) — x T'mis within sensitivity reach ~ ~} 130 J [ [
- S I
. . . . g 2 B 1 I B I
 not enough statistics for a conclusive fit = [ J
e use approach of Feldman-Cousins 1
at 90% confidence level: i
estimated signal events N s < 2.44 i
S . T Ul !
8

A1 . |
3.85 3.9 3.95

: .. - (GeV/c?
- reconstruction efficiency €_= 5.59% Mo )

B(B* — X (3872) K*) x B(X(3872) — vy (1P)nt77) < 1.4 x 107 @ 90% C.L.
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X, (2P) —» x_, MU

 natural width estimated from other

X,(2P) states —» 20 MeV Mbc > 5.27 GeV

IAE| < 0.02 GeV

« resolution estimated from MC studies - 772M BB pairs

(Gauss standard deviation) - 2 MeV S
> fit with convolution of Gauss and - t t il

Breit-Wigner - (12.2 +9.1) yield D aF ST S Tt Lt L

] ] ] ol o ||| [os |oo ‘luu"-_#.

e considering 90% confidence level: = f

estimated signal events N, < 30.34 TS -W H T ...T I

L
t) . ' f: ) MEY S ) TR}

« reconstruction efficiency € = 8.91% M, - (GeV/c?)

B(B* — xa1(2P)K*) x B(xa(2P) = xa(1P)r 7)) < 1.1 x 107° @ 90% C.L.
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Conclusion

. B - X, 't K* unseen before this analysis
and important to pinpoint X(3872)'s structure

« very interesting to look for:
X(3872) or X (2P) decaying to X, TU'TT

- first observation of B* -x mm K

with (1597 + 76) signal events from
772M BB pairs dataset

- branching fraction 3.89 x 10°

e X, TUTU invariant mass spectrum:

— no statistically significant evidence for

« either X(3872): upper limit 1.4 x 10°
. nor x (2P): upper limit 1.1 x 10°

Events/0.0024 MeV

Events

450

400

350

300

250

H'ﬁ‘[lllIllll[llll[lll”lll“

- Mbc > 5.27 GeV
772M BB pairs

{'g# ; ¢
200512 —b g 1t d @
i;” Py
100~ B* - xc2 1T
oE K\
s Y e 505~ o
AFE (GeV)
4 —
i X(3872) X_,(2P) h
2 b ' 3 J
1
0: NH “ HVN L N—‘ w l , ,
3.8 3.85 3.9 3.95 4

M, .. (GeV/ch)
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Baryons are red-blue-
green triplets

Mesons are color-
anticolor pairs

A=usd n=ud

Other possible combinations of quarks and gluons :

Pentaquark H di-Baryon Glueball
>= +1 . Color-singlet multi- &

Baryon . gluon bound state

Tightly bound
6 quark state

Tetraquark Molecule s
Tightly bound loosely bound ' mesons

diquark & meson- Tt

anti-diquark antimeson

‘e
“molecule”
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Status on EXOtiC Had rons charged states alligned according to best guess

at quantum numbers of neutral charged partner

« unexpected and still-fascinating X(3872) S charmonium
h ioined b h d 4.4 | e (4057) )
as been joined by more than a dozen 1el0T50) e
other “XYZ" states that appear to lie A o EE
outside the quark model 4.2 - -
X(4160) W20

e charmonium(-like) states:
- X(8915), Y(3940), X(3940), X(4160)
- Y(4260), Y(4360), Y(4660)
- Z/(3900), Z' (4050), Z'(4250), Z'(4430)

4.0 - Ne(31S0) D(35T) Z,(4050)*

i 25500). Y3915), . (29P:) memrgreen.
o2 2
Mp+Mp| - —X(3940) - - - — - _ = hu{21|31:l_ Xeo(22Py) eI
3.8 ' (1904)
I
wf---"-"""-"—"—"7""7>"7/7""7/""7""7"7"7""7/""-~""=""=""”"7""”/""=”"”/""”/""/""”"®>~""”"”~"“~""=>7"”/7
I
Ay

MASS [GeV/c?]

3.6 - ne'(21S0)

— Xe2 2
hL.{1 P1} e 1
3.4 — X<o(1P0)
established cc states
3.2 —
Ja’l.p{1551}
3.0 —
rluil gﬂ;
00—+ 1 — 1 +— 0++ 1 ++ 24+

JFC



Status on Exotic Hadrons

unexpected and still-fascinating X(3872)
has been joined by more than a dozen
other “XYZ” states that appear to lie
outside the quark model

charmonium(-like) states:

- X(8915), Y(3940), X(3940), X(4160)
- Y(4260), Y(4360), Y(4660)

- Z'(3900), Z' (4050), Z'(4250), Z'(4430

also, bottomonium(-like) states:

- Z(10610) and Z'(10650) as
B(*)'B*’ molecule candidates
- equivalent to Y(4260) at 10.89 GeV?

1050 |

1025 |

Mass (GeV/c?

9.50 |-

bottomonium

(0,1,2)**
1

(1,2,3)™
2
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Charmonium vs. Bottomonium — Status in PDG

Mass/GeV

I I I
W(4415) X(4430)°

i CC _
X(4360)
B X(4260) i}
i W(4160) ]
— W(4040) X(3915) N
B (20001 — Xc2(2P) 7
I W(3770) X(3900)" Xco(2P) X(3872)X2 ]
~Nc(2S) v N
- hc(1P) Ye1(1P) Xe2(1P) -
i XCO(]-P) i
B K i
| Nc(1S) 4
I | I I I I
O—+ 1—— 1+— 0++ 1++ 2++
JPC

Mass/GeV

11

I
Y(11020)

- bb —
Y(10860) .
X,(10650)*
T‘ls) X,(10610)
(35) -
hy,(2P) Too2P)  Xm(2P) Ap2(2P) |
10— 29 Ye9 )
hb(lp) Xbo(]-P) Xbl(lP) sz(].P) i
Y(1 .
b(18) (1s)
| I | | | |
0+ 1 1+- 0+t 1++ 2++

JPC
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On the origin of the narrow peak and the
isospin symmetry breaking of the X(3872)

Sachiko Takeuchi'*, Kiyotaka Shimizn?, and Makoto Takizawa®?

Llapan College of Social Work, Kiyose, Tokyo 204-8555, Japan

*Department of Physics, Sophia University, Chiyoda-ku, Tokyo 102-8554, Japan
YShowa Pharmaceutical University, Machida, Tokyo 194-8545. Japan

1 Theoretical Research Division, Nishina Center, RIKEN, Saitama 351-0198, Japan
*E-mail: s takeuchi@jesw. ae.jp

19/8/2014

The X (3872) formation and decay processes in the B-decay are investigated by a ece-
two-meson hybrid model. The two-meson state consists of the DYDY, DT D*—, Jhbp,
and Jjiw channels. The energy-dependent decay widths of the p and w mesons are
introduced. The D-D* interaction is taken to be consistent with a lack of the BB*
bound state. The coupling between the DD* and Jhpp or the DD* and Jij channels
is obtained from a quark model. The - DD* coupling is taken as a parameter to fit the
X (3872) mass. The spectrum is caleulated up to 4 GeV.

It is found that very narrow .J/ip and Jijw peaks appear around the DD threshold.
The size of the ,Ifﬁ"irr:" peak we calculated is 1.29-2.38 times as large as that of Jf r®. The
1sospin svinmetry breaking in the present model comes from the mass difference of the
charged and neutral D) and D) mesons, which gives a sufhiciently large isospin mixing to
explain the experiments. It is also found that values of the ratios of the transfer strengths
can give the information on the X (3872) mass or the size of the ce-DD* coupling,
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X(3872) as Admixture DO D*Obar

\ D*D=+DD™

- Density | — DD ——DD*(I=0):
L distribution ----ptp* - DD*(I=1)

10

cckar charmonium

density of each component
differs as a function of the
distance r from the object's
center |




Belle Subdetectors

 The Belle detector consists listed in order of radial distance from the interaction point of

a six-layer silicon vertex detector (SVD2),

a ~50-layer central drift chamber (CDC),

an array of ~1200 aerogel Cherenkov counters (ACC),

~130 time-of-flight scintillation counters (TOF),

an electromagnetic calorimeter containing 8736 CsI(TI) crystals (ECL),
and the KLM detector.

« All but the KLM are contained in a superconducting solenoid with a central magnetic
field of 1.5 T. The fourteen ~5-cm thick iron absorber plates of the KLM also serve as the
solenoid’s return yoke.
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Systematic Uncertainties

PDF — 2.96%: modeling and set parameters used for fitting distributions

pion ID — 1.96%: Estimations are made based on a D*" - D"(K‘n*)nSIOW process.

lepton ID (e, y) — 1.77%: J/Y — e'e (for EID) and e'e” — e'eu"y (for mulD)

tracking — 1.71%: Track finding efficiency has been measured by the number of partially
and fully reconstructed D* decays in D* - mD°, with D° — nnK, and K - TUTU. By

calculating the ratio of tracking efficiency in data and MC, the systematic uncertainty
associated with tracking has also been evaluated.

2ndary BF — 1.50%
N, —1.37%: official number of Bs from Y(4S) recorded by Belle (771.581 + 10.566) x 10°

kaon ID — 1.23%: see pion ID

mt° veto — 1.22%: obtaining the ratio of AE signal yield when using the cut, and without using
the cut, for data and Monte Carlo, and then dividing those in a double ratio, R(data/MC)

signal MC — 0.52%: limited MC sample of 0.5M events used to calculate efficiency

> total: 5.10% 56



Electron Identification (EID)

arbitrary unit

— electron

""" pion

I.2

arbitrary unit

- plan

— electron

P Pl SLmale -

il I
f2 i4 fa I8 2

dEdedy (ke Vem)

< dEdy = (keViem)

La

.4

f2

LR

i
I * electron
- L
| = 'ﬂl*ﬁ'.*.'-r“h'**"t'ﬂ'“'.ﬁ’*phl" B e il
L
.
1 *+.|.+4
I o
I M
T oL BLE L
-} o ey
I
] @ pion
IR T TR T [N SN TN T TN NN S TN T TN AN TN T N T [N TN T T S Y T T T
Ly % i 1.5 2 25 K
Py (Gelic)
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EID Efficiency

- One can also obtain the EID efficiency or orL

Inefficiency by comparing the J/y — e'e _ T single tagged
yield for the cases one or two electrons P
are tagged, or the difference of the two v PR
cases. = 4000 ft
3
 The signal yield for single tagging and S [
the difference between single- and SEL
double-tagged events can be translated S
to an (in)efficiency which is consistent < 2000
s 2%

with the inefficiency that is predicted by
the MC.

1000

« The EID efficiency expected from the - 2
generic hadronic MC is consistent with B #
that for single electrons in real hadronic Mee (GeV/c)

data within 1%. The EID inefficiency is
verified to be consistent between data
and MC within a 1.4% uncertainty.



EID Fake Rate for Pions and Kaons

e Inclusive K, - TUTT decays are used as a

source of charged pions to measure the
EID fake rate. No requirement is placed
on the pion used to test the EID routines.

~
-
~

fake rate
—~
o)
S

 The overall agreement between data and
MC is good in the pion fake rate case.

~
)
<

* The fake rate for K* is examined using
the decay chain D* - D'(— KTt)1". The
strategy for evaluating the fake rate is to
compare the signal yield of D' with and
without applying EID for the kaons. Fake rate =

# of non-e* tracks found by tracking with the Ly > 0.5

« Comparing events without EID and
events after applying EID and taking the
ratio, the fake rate for the kaons is
measured to be comparable to the MC
prediction. 59

# of non-e® tracks found by tracking



Muon Identification (MulD)

>

Muon identification begins with the
reconstruction of a charged track in the
CDC with matching SVD hits, and
continues with its extrapolation through
the outer detectors to its stopping point
or its escape from the detector.

A track is considered to be within the
KLM acceptance if it crosses at least one
RPC layer; this requires at least 0:6
GeV/c of momentum.

A helical track, reconstructed in the CDC,
isrefined by a Kalman filter to determine
the helix parameters near the outermost
layer of CDC. The helix parameterization
IS justified by the uniformity of the
solenoidal magnetic field within the
tracking volume and the small energy
loss of the track within the CDC.

Muon Likelihood: Two quantities are
used to test the hypothesis that a
track is a muon rather than a hadron

- the difference between the measured
and expected range of the track

- the goodness of fit of the transverse
deviations of all hits associated with
the track (normalized by the number
of hits)
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MulD Efficiency

High-purity muons are obtained with the

1 ¢ 1 ¢ :. ; |

two photon reaction, e’e - e'ey’y by 03 o e Ty C
tagging one of the muons with a high 2 0.7 Fooei 2 0.7 fooe
muon likelihood and then examining the § 3;2 S S f'-j 3‘2 S U B
other minimume-ionizing track in the event. &€ 04 f 8 e E 04 FQ it
The contamination is predominantly from 3‘% T R S g‘% N A
e'’e — TT where one T decays 0B 0E L

: - 0 1 2 3 0 1 2 3
leptonically to give a tag muon and the P [GeVic] P IGeV/
other decays to Twv to give a fake-muon @ tab EXEXIE (b) i [GEV/e]

candidate, or from e’e” —» e’emnX where Fig. 9. Measured efficiency of muon identification as a function
one of the pions is falsely tagged as a of momentum, measured by ete” —wefe p"u: (a) barrel
muon. (51°<0<117°), (b) whole polar angle region (25° <0< 145°),

_ _ _ _ for ¥, > 0.9 (closed circles) and ¥, > 0.1 (open circles).
The systematic uncertainty is estimated

to be 2%, mainly from the residual hadron
contamination in the muon sample.
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MulD Fake Rate for Pions and Kaons

 The majority of fake muons are punch-
through or decay-in-flight pions and
kaons.

 We measure the fake rate using the
pions from K_ —~ 1t and the kaons from

D - Krt where the D meson is identified
by observing the slow pion in D* - D1t _.

slow

A muon identification algorithm is used
that uses the difference of muons from
hadrons in the range and the scattering
of the particles in the KLM.

» Fake rates of pions are approximately
constant in the region p > 1.5 GeV/c.
Fake rates of kaons are approximately
constant in momentum above threshold.

0.16 i 5
014 o o e
& - : E
‘E I ) e
e 0.1 g
Y e S —
.E 006 F B e
0 :| L 1 l L1y I. L
0 1 2 3
() Py [GeV/e]

0.16 ¢ 5 :.
,.:'é 0.12 ;_
P 0.1 :_“o ................... ..................
S 0.08 oL
g 0.06 ; ________________ o ___________________
2 0.04 — B’OOA _________________

- %, | v o by
00 1 2 3
(b) P [GeV/c]

Fig. 14. Measured fake rate of pions vs. momentum by
Ks—n"n™: (a) barrel, (b) whole polar angle region, for ¥, >
0.9 (closed circles) and &, > 0.1 (open circles).

62



X(3872) — x_, 't — PDF and MC Expectation

14— Mbc > 5.27 GeV MC, normalized to
L |AE| < 0.02 GeV exp. data statistics
12— + generated signal
L if there are 15 events
10— of X(3872) - x_, T
% Z
o 8
L -
5 - L8t
5_— i .
: i. L | | -l L |
4_— . L T ] e S8
2:— -- -:'. 1-:1-
I i L1
| ] |
9% 3.9 305 4

M, x (GeV/c?)



MC Study for
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The Belle2 Experiment

Experimental Challenges

- 10-20 times higher beam-related
backgrounds: Pile-up noise,
Radiation damage,

— 10 times higher event rate: Seamless
data acquisition system, High level
Intelligent trigger

- Improved performance: Vertex
reconstruction, High particle 1D
capability, Hermetic coverage.

Integrated luminosity
(ab)

=)
&
o

Peak luminosity
(cm3s™)

70¢
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= N W &
e o o o o

Goal of Belle 11/SuperKEKB

\ 20 lern?nth

N &S

Commissioning starts

Shutdown

- for upgrade

in early 2015.

Ry

12

I
2014

| - |
2016 2018
Calendar Year

I
2020

L
2022
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The Belle2 Experiment

7GeV e-

New vacuum

chamber ﬂ

4GeV e+

system for higher
current

New e+ target system

New damping
ring for e+

Image Courtesy: Ichiro Adachi (KEK)
Instr. for Colliding Beam Physics,
INSTR2014, Feb.24 - Mar.1, 2014

EM Calorimeter: N

| Pure Csl + waveform sa

| Beryllium beam pipe
| 2cm diameter

Vertex Detector /
| 2layers DEPFET +4 |a

Belle II Detector

~ KL and muon detector:
Resistive Plate Counter (barrel)

“Scintillator + KvISF + MPPC (end-caps)

Csl(Tl), waveform samp

2 |[dentification
pagation counter (barrel)
electron (7GeV) ng Aerogel RICH (fwd)

positron (4GeV)

He(50%):C2He(50%), Small ce
_lever arm, fast electronics



The Belle2 Experiment

e currents x2

« design luminosity of 8 x 10®* cm™ s™
— around 50 times as large as peak luminosity achieved by the KEKB collider

« large crossing angle — low-emittance “nano-beam” collisions (10pum x 60nm)

» vertex detector even closer to IP, 2 layers DEPFET pixel (14 & 22mm) sensors
and 4 layers of DSSD

 CDC: larger radius and smaller cell size

« Time-Of-Propagation (TOP) counters: ring-image of Cherenkov light cones in quartz radiator bars,
another ring-imaging Cherenkov counters with aerogel radiator in the forward end-cap

« ECL with wide dynamic range — 20 MeV to 7 GeV, 2MHz wave-form sampling readout — more
robust against bkg, pure Csl crystals for end-cap — shorter time constant

 KLM modules will be replaced in the 2 innermost barrel layers and completely in the endcap
» Trigger rate 500Hz — 30kHz, Event size 40kB — 300kB(max)
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